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Chapter 1

1 Introduction

Background

Dredging in riverine, lacustrine, and estuarine environments introduces
bottom sediments into overlying waters because of imperfect entrainment and
incomplete capture of sediments resuspended during the dredging process and
the spillage or leakage of sediments during subsequent transportation and
disposal of the dredged sediments. Resuspension of bottom sediments and
resulting dispersal may pose water quality problems in waters near the dredg-
ing operations. Possible release of contaminants adsorbed on sediment parti-
cles or residing in interstitial bottom sediment waters, alteration of the
physicochemical properties of overlying or nearby waters, and the resettling of
sediments in environmentally sensitive waters distant from the dredging opera-
tion are a few of the potential environmental problems.

Different types of dredges and dredging operations produce ditfering
amounts of sediment resuspension. Predictions of resuspension and dispersal
can provide a basis for improved operation and management of dredging
activities. Such estimation requires information about the physical characteris-
tics of the sediment being dredged and the type of dredge being considered
and its particular operating characteristics. This report provides a physically
based quantitative description of sediment resuspension in the close vicinity of
certain types of dredges studied under the U.S. Army Corps of Engineers
Improvement of Operations and Maintenance Techniques (IOMT) Research
Program.!

Purpose

The amount of bottom sediments resuspended in the waters above, below,
and around dredges can be described in terms of either (a) sediment concen-
trations in the vicinity of the dredges during their operation, or (b) rates of
resuspended sediment generation at the source. The identification of param-
eters affecting such sediment concentrations and the characteristics of the

' For convenience, abbreviations are listed in Appendix B.

Introduction



resuspended sediment sources provide insight into the impacts of dredging
operations. Such identification should be an integral element in the mathe-
matical description of the entire sediment resuspension, advection, and dis-
persion process occumng in the general vicinity of operatmg dredges. This

report provides a field-based description of dredging-induced resuspe nded
sediment concentrations and proposes certain mathematical models for dredge-
induced resuspended sediment sources

This report deals only with resuspension of sediments attributable to the
actual dredging process and does not address the effects of sediment disposal
or other coincidental factors (such as barge and boat traffic, marine construc-
tion, or dredge move-in and setup). Resuspended sediments introduced into

the water column in the 1 icinity of a dredge are subsequently dis-
persed to points near and far about the dredge by currents, tides, and fluid
turbulence. In describing resuspended sediment concentrations and source
strengths, this report focuses upon the sediment conditions found in the imme-
diate vicinity of the dredge and considers only incidentally sediment levels at
greater distances from the dredge

Because of the complex factors that influence sediment resuspension, evalu-
ation of field data is imperative for realistic description of the resuspension
process and estimation of resuspended sediment source strengths. Field data
gathered under the IOMT program are used in this report to describe the sedi-
ment concentrations in the close vicinity of dredge types. These concentration
data are combined with conceptual models for resuspended sediment source
geometries and velocity patterns to estimate sediment source strengths.

Methodology and Limitations

Data sources and characteristics

The present study uses information drawn from several sources (Hayes
1986a, 1986b; Hayes, McLellan, and Truitt 1988; Havis 1988; McLellan
et al. 1989) on field studies conducted during the period of 1982 to 1985 at
the nine dredging sites listed in Table 1. Depending upon the dredge type and
particular site, the data provide information on site and flow conditions, sus-
pended sediment concentrations at various distances and locations about the
dredge, and dredge characteristics and operation.

Coliection of reliable resuspended sediment data in iarge-scaie fieid studies,
cvele A oabl oo A1 3 al . TNRNATT 1 100 1,
Sucit 48 uiIc typce conaucicd undcer e 1uivi 1 progrdm, 18 1mnnerently diiricult
and subject to many potential sources of both random and systematic error.

To effect various analyses, considerable reliance upon temporal and spatial
averaging was necessary to reduce data noise. Thus temporally and spatially



variable effects arising from external effects such as tides and currents are not
specifically identified in the results obtained. However, since the suspended

Because of both the character and sometimes limited extent of the database
used in various analyses, concentrations developed in this study should be
viewed as preliminary until they are verified by additional field studies.

Concentration analysis and source modeling
The field-measured sediment concentrations are analyzed using physical

and dimensional reasoning and statistical regression to provide, when possible,
a quanmauve correlation of resuspended sediment concentrations in the close

vicinity of a dredge. Key physical parameters quantifying flow and site condi-

tions, sediment properties, and dredge and dredging characteristics are used in

the analysis. Resuspended sediment source models incorporating assumptions

as to source geometry and flow patterns are formulated on the basis of physi-

cal reasoning, inferences from field data, and descriptions of dredging opera-

tions reported in IOMT studies. Source strengths are evaluated using these
odels in combination with the concentration correlations

Consequently, resuspended sediment concentrations are based upon actual
field data while sediment source strengths, on the other hand, incorporate both
field data and assumptions about the features of the resuspension process. The
resulting source strength values are mathematical deductions and not directly
measurable. Their verification must be indirectly accomplished through com-
prehensive modeling of the flow field about a dredge. Thus the source
strength models proposed in this report must remain speculative until verified
by future investigations.



2 Dredge and Dredging Site
Features

Resuspension of sediments by dredging is affected by dredge and dredging
characteristics, properties of bottom and suspended sediments, and site-
specific conditions such as bottom topography, ambient current, and water
depth. As a necessary preliminary to consideration of these factors in the
dredging-induced sediment resuspension process, this chapter provides a gen-
eral description of the types of dredges operated during the IOMT studies, a
generic description of the flow field about a dredge, a summary of the sedi-
ment characteristics at the dredging sites, and a discussion of the features of
the sediment concentrations measured during the IOMT dredging studies.

Types of Dredges

Two general types of dredges have been studied under the IOMT program
(Table 1): the hydraulic dredge, including cutterhead, matchbox, and dustpan
dredge heads on unpropelled dredge plants along with a self-propelled hopper
dredge; and the clamshell bucket dredge, including both closed and open
bucket designs. Detailed descriptions of these various types of dredges have
been provided by Arctic Laboratories et al. (1985), Herbich and Brahme
(1991), the U.S. Army Corps of Engineers,! Montgomery and Raymond
(1984), Peterson (1986), and Raymond (1982, 1984). Generally, hydraulic
dredges rely upon a combination of mechanical digging and agitation by a
dredgehead to dislodge the sediment and hydraulic suction to lift the dislodged
sediment from the bottom. Hopper dredges also rely upon mechanical dis-
lodgement and hydraulic suction as do other hydraulic suction dredges, but
differ from other types of hydraulic dredges in that the dredge ship is self-
propelled and better able to operate in open water environments. Clamshell
bucket dredges rely primarily upon bucket impact, claw gouging and digging,
and bucket closure to scoop up and bring bottom sediments to the surface.

! U.S. Amy Corps of Engineers, Office of Civil Works. (n.d.). “Dredging,” Engineering

School Manual, The Engineering Center, Fort Belvoir, VA.

Chapter 2 Dredge and Dredging Site Features



Near and Far Fiow Fields an

Sediments removed from the bottom by a dredging operation are either
collected and entrained by the dredge, then hydraulically or mechanically
removed from the dredging site, or introduced into the water column in the
near vicinity of the dredge. Some sediments introduced into the water column
and not removed by the dredge may resettle aimost immediately in the vicinity
of the dredging operation. Other sediments become distributed at various
depths throughout the water column. Sediments that are introduced into the

water column, that are not carried away by the dredge, and that do not imme-
diately resettle, are considered to be the resuspended sediments. Once resus-
pended, these sediments are advected and dispersed in varying amounts in the
flow field surrounding the dredge. Different types and sizes of dredges,
different modes of operation, and different site conditions all result in differ-
ing amounts and rates of sediment resuspension

Tw s can be identified in the dredging area (Hayes' 1986a): (a) the

near held area 1rnmed1ately surrounding the dredge or dredge head and (b) the
far field exterior to and generally surrounding this near field zone. The sedi-
ment concentrations in the near field are dominated by the mechanical and
hydraulic actions of the dredge and its operation; current- and tidal-induced
advection, dispersion, and settling dominate the sediment behavior in the far
field.

The amount of resuspended sediment and its distribution in the immediate
vicinity of a dredge can be viewed as the result of a source of resuspended
sediment located at the dredge or dredgehead in the central core of tne near

fieid. This source produces a fiux of resuspended sediment into the interior,
central zone of the near field. Once in this near field, the resuspended sedi-
ment is conveyed outward in some fashion by a combination of advection,
dispersion, and turbulence toward the outer edges of the near field area where
it merges into a far field plume of suspended sediment

and salinity conditions are included. Of partu:uia‘r mterest are the types of
:edir ent at the sites. Generally, the soils are mixtures of clays and silts,
often with high organic content and low specific gravity. The low specific
gravity is reflective of the high organic content and sometimes signiticant
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' D. F Hayes. (1987). “Removal of contaminated aquatic sediments using a cutterhead
dredge,” Unpublished paper, Department of Civil Engineering, Colorado State University,
Ft. Collins, CO.



Sediment features that influence the magnitude and distribution of resus-
pended sediment in the near field water column common to all types of dredg-
ing operations are (a) the physical character of the sediments being dredged,
as can be quantified by grain size and distribution and specific gravity (rela-
tive to the overlying waters) of the sediments, (b) the condition of the in situ
sediments as reflected by in situ bulk density, void ratio, and similar physical
measures, and (c) the physicochemical characteristics of the sediment or the
overlying waters, such as salinity, which might affect colloidal behavior and
consequent settling of sediment particles.
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1 diamete it 1 the Calumet River study, a reasonable
estimate of these parameters could be made using the data from the nearby
Calumet Harbor study. The median grain size at the Savannah River site was
estimated, on the other hand, by using data for the Savannah Harbor area pre-
sented in a study of dredging sites by Bartos (1977) as summarized by
Herbich and Brahme (1991). The median grain size at the Black Rock Harbor
site was estimated by extrapolation of partial grain size curves, which did not
extend as low as the median grain size. Because of the small median grain
size and the sometimes low specific gravity of the dredged sediments, settling
velocities are small. (For example, a particle with a median grain size and
specific gravity similar to that at the Calumet Harbor site has a fall velocity of
0.02 ips according to Stokes’ law, while that of the Savannah Harbor site has
only a 0.002-fps fall velocity.)
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Sediment Concentration Data
Field data collection procedures

Detailed discussions on the field procedures for collecting and analyzing
the suspended sediment data at the various dredging sites can be found in
McLellan et al. (1989); Hayes, McLellan, and Truitt (1988); Hayes1 (19864);
and Vann® (1983). In general, water samples were collected from various
depths in both the far and near field areas surrounding the dredge during
actual dredge operation at various radiai distances and angles relative to the

' D.F. Hayes. (1987). “Removal of contaminated aquatic sediments using a cutterhead

dredge,” Unpublished paper, Department of Civil Engineering, Colorado State University,
Fort Collins, CO.
2 R G. Vann (nd). “James River, Virginia dredging demonstration in

co
material (kepone), dustpan versus cutterhead,” Report, U.S. Army Engineer District, Norfolk,
Norfolk, VA.

ntaminated
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dredge. At the sites where a cutterhead dredge was operating, the near field
samples were collected from a multiple port sampling array located very near
the cutterhead on the dredge ladder (see Table 2 for the relative location of
sampling tubes on cutterhead dredges; also see Hayes, McLellan, and Truitt
(1988) for a detailed description of a cutterhead dredge sampling array).

Background concentrations

Nonlbarriind crampndad cadimeant nnmpantéeatinme faoe Tahla 1 £ac cno v ot

DACKEIOULIU SUSPCIIUCU SCULINCIL COLICCIILLAUULS (DCC 1dDIC 1 101 ICPICSClHLd-
tive values) were collected in a manner similar to that for the far field concen-
trations taken during dredging operations. The background samples for the
near field were taken in the general vicinity of the actual dredge operation
during a period of nondredging but at a time near the near field sampling with
the dr-dge in operation (e.g., on the day immediately before that for which
samples were taken during actual dredging). Background concentrations at

points near the dredge or dredgehead were estimated by spatial and temporal
extrapolation or interpolation of the measured background concentrations.
These background concentrations at the various dredging sites are provided in
Appendices D, G, I, O, R, T, V, W, and X.

Different techniques were used to estimate the background concentrations,
depending upon the character and quantity of background data available. In
some cases, a simple average of all measured data was used, while in other
cases, horizontal and vertical variations of measured concentrations were con-
sidered. At some sites, background concentratlons varied little, while at
others, varymg current and tidal flows resulted in significant variations. In all

. - 1.

Bottom sediments disturbed or removed by the mechanical and hydraulic
actions of a dredge are either entrained and collected by the dredge, then con-
veyed to some release or disposal point, or mixed with background suspended
sediment to remain in the water column in and around the dredging operation
until resettling at some possibly distant point some later time. The difference
between measured total suspended solids concentration at a point and the esti-
mated background suspended solids concentration at that same point is
assumed to represent the increase in sediment concentration due to the dredg-
ing operation. This net concentration difference is the resuspended sediment
concentration discussed in this study, for which concentration correlations and
resuspended sediment source strengths are prov1aea Unless otherwise speci-

a1

nea ail further mention I'CSUSpCIlGCQ sealmem concentration refers to this
~s1 TR S B | Y LSRR Y R AT S | ~ ac ln ~Alicaeernd
quantity. These concentrationg will ucqucu‘1y DE referred to as tne ooservea
........... A A nmnanteatian it 30 rannagnigad that ciinh rafaranca 10 nAt nra
U 1ICAdUICU CONLCILE AUV, 1L DD ITLUEHIZCU Widal dSULll ICITITHLL 15 1HUL pit-
cisely true, since only total sediment concentrations were measured in the
tield. Such reference is made only as a convenience to easily identify the
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resuspended sediment concentrations computed from measured total concen-
trations by subtraction of an estimated background concentration.

However, while such a net concentration difference, in view of the level of
precision possible in the IOMT field studies to date, is a very appropriate
quantity for assessing dredging effects, it is recognized as not necessarily
being the most accurate. Background sediments in the water column may
have significantly different physical or chemical characteristics from those
introduced into the water column by a dredging operation. Resuspended
sediments may alter the flocculation characteristics of the background sus-
pended sediment particles and thereby affect their settling behavior. Such
effects could be accentuated by salinity levels independent of the dredging
operation. Fortunately, such effects can be generally expected to be of sec-
ondary importance in the near field area where resuspension is dominated by
large mechanical and fluid forces.

Chapter 2 Dredge and Dredging Site Features



3 Resuspended Sediment
Concentrations

Near field dredging-induced resuspended sediment concentrations are
strongly dependent upon the type of dredge and its operation. Key dimen-
sions, mechanical and hydraulic features, and operating characteristics of a
dredge can be used in conjunction with sediment properties to broadly predict
the varying levels of resuspended sediment concentrations that may exist in the
close vicinity of a dredge. However, actual measurement of suspended sedi-
ment concentrations in the near field around an operating dredge is difficult
and, for certain types of dredges, potentially dangerous. Consequently, esti-
mation of resuspended sediment concentrations in the centrai regions of the

near field flow zone about a dredge may require inference from concentrations

at greater distances rather than being determined by direct
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erable apparen random error ex1sts in the data for both the James Rlver and
the Savannah River studies. Conclusions based solely upon these data should
therefore be viewed with caution. Conversely, more confidence can be placed
in deductions about resuspended sediment concentrations based upon the
Calumet Harbor data.
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Concentrations at cutterhead

Cutterhead dredges agitate, loosen, and dislodge bottom sediments with a
combination of mechanical digging and gouging by a multiblade, rotating cut-
terhead. Hydraulic suction forces draw sediment-enriched waters upward
through and around the cutterhead blades into a suction pipe extending along
the cutterhead ladder arm. Sediment resuspension results from the incomplete
entrainment of the dislodged sediments. Conceptually, the source of resus-
pended sediments is the cutterhead itselt.

Perfectly designed and operated cutters will introduce a sediment slurry
that will be completely entrained by the flow to the dredge pump. However,
spatially varying sediment properties and cutter operations inevitably lead to a
sediment slurry that the pump cannot handle, resulting in sediment resuspens-
ion or release.

Suspended sediment concentrations were directly sampled using tubes at
several points in the immediate vicinity of the cutterhead to withdraw samples.
The number of sampling tubes varied from one to six, depending upon the
sampling device design and condition. Sampling tubes sometimes became
clogged with sediment, rendering them temporarily inoperative, as evidenced
by abnormally large suspended sediment concentrations being measured. To
avoid inclusion of data from such potentially unrepresentative data, outliers in
the concentration data were statistically identified and discarded by excluding
data more than two standard deviations from the mean of a data set; roughly
10 percent of the data at the Savannah River and James River sites were dis-
carded. The remaining concentrations measured by the sampling tubes at the
cutterhead were arithmetically averaged, after adjusting for background con-
centrations, to approximate a spatial average concentration at the cutterhead
source for each set of conditions at the particular time of the sampling. Total
suspended sediment concentrations (i.e., concentrations before subtraction of
background concentrations) along with dredge operating characteristics are
given in Appendices F, H, and M for the cutterhead dredges at the James
River, Savannah River, and Calumet Harbor sites, respectively. Background
concentrations for the James River site are given in Appendices D and F,
while background concentrations for the Savannah River and Calumet Harbor
sites are given in Appendices G and I, respectively. Appendix L provides
additional operating teatures of the dredge at the Calumet Harbor site.

For the Savannah River and James River sites, the concentration data are
values measured at various particular times during the course of the tield
study as dredge operating conditions varied. For the Calumet Harbor site,
however, the data represent averages (as given by Hayes (1986a) and Hayes,
McLellan, and Truitt (1988)) over a period of time when operating conditions
were essentially constant; because of the well-controlled dredge operating
conditions during the course of the Calumet Harbor study, such averages are
meaningtul. The operating conditions at the Savannah River and James River
sites were not as well defined. In addition, since cutterhead swing speed and
intake velocity data were incomplete tor the James River site, estimated

Chapter 3 Resuspended Sediment Concentrations
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( 1986a) prev10usly developed a 51mple geometrlc model relatmg swing speed
and cutterhead path to dredge dimensions; this model was applied to the swing
time data at the James River site. This considerably reduced the ability to
distinguish the dependence of resuspended sediment concentration upon vari-
ous operating conditions at the James River site.

Factors influencing resuspension

Previous investigators have identified or suggested factors that influence
the amount of sediments 1ntroaucea mto the water commn 1mmemate1y sur-
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The speed and turbulence ot the waters, and thus their potential for both
eroding and scattering sediments, surrounding the dredge cutterhead are
atfected by the rotation of the cutterhead blades and the swing speed of the

cutterhead ladder on which the cutterhead is supported. Variations in either of

these speeds can be expected to influence the amount of resuspension. On the
other hand, background velocities in the general vicinity of the dredge are not
expected to significantly influence the amount of resuspension; the velocity
tield around the cutterhead and cutterhead ladder is a localized velocity field
largely determined by the motion ot the swinging cutterhead ladder.

Furthermore, previous mvestlgators (e.g., Hayes, McLellan, and Truitt
1988) have generally found that the direction of the ladder swing relative to
the cutterhead blade rotation is also important, with more resuspension occur-
....... hane ¢ha laddae caxrimey 10 331 tha camna dirantinm oo tha tamanntial ool anies
llllg WIICI1 LIC 14UUCl lellg Id 111 L1IC >5AHNC UllCULIULLE 4> UIC Laugc iidl VClULlLy
nt rnttarhaad hladag at thair hicghoget nnint Whan tha tangential valacitu nf tha
Ul Luliviiivau viadld at uuivlt lllsllbbl JUILLEIL. YY LiC1l Ll Lallb\/lll.lal YUliUuLiIL U1 uie
cutterhead hladeg at t air hiohect noint 1c 1in the came direction ac the ladder

vaAau viauduavy al oulivas lllbll\.ﬂ‘ll. ll\/lAlL 40 111 Ll DALLIV JdILvuw LIVl QA Lilv 1dauuv
swing, the cutterhead is “overcutting,” le the cutterhead blades are rotating
downward into the mudline Cmd into the yet-undredged sediments towarc

m "
which the cutterhead ladder advanumz When the ladder swing opposes the
tdnaetldl velocity of the utterhedd blades at their highest point, the cutterhead
undc,r(,uttmg, i.e., the cutterhead blades are rotating upward and away
fr()m the sediments being dredged and away tfrom undredged sediments toward
which the cutterhead ladder is advancing.

An explanation for the higher resuspended sediment concentrations that
occur during overcutting can be provided: a primary source of finer grained
resuspended sediments is the residual sediments clinging to the cutterhead

11
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blades as they break the level of the mudline near the top of the cutterhead.
These residual sediments are washed off the blades by the fluid motions over
and around the blades above the level of the mudline. Near the top of the
cutterhead above the mudline level, the tangential velocity of the blades will
be in the same direction as the swing velocity when overcutting occurs. Thus
the net blade velocity relative to the overlying waters is the summation of the
tangential velocity of the cutterhead blades and the ladder swing speed; when
undercutting occurs, the net velocity is the difference between these same two
velocities. Consequently, the cutterhead blades experience a higher shearing
velocity during the overcutting phase of the swing than during the undercut-
ting phase.

The effects of the residual sediment clinging to the cutterhead blades and
being subsequently washed off by the relative fluid motion past the cutterhead
can be expected to be more pronounced in silt and clay sediments; the cohe-
siveness of such sediments promotes clinging of sediments to the cutterhead
blades. Such effects m ay not be as nrnnmmced_ in noncohesive sediments
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The sediments at the cutterhead dredge sites in this study w
silt and clay, as evidenced by their median grain size (Table 1)
this description of the washoff phenomenon is consistent with the field condl-
tions in this study.

These effects can be quantified by the introduction of a cutterhead ladder
arm swing speed V, and a tangential velocity (at the top of the cutterhead) of
the cutterhead blades V, computed from the angular velocity and maximum
radius of the cutterhead.! When the cutterhead is undercutting, the net velo-
city V, characteristic of the fluid motion tending to wash sediments off the
cutterhead is V, = V, - V,; when overcutting, the characteristic velocity is
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and mmor axes eq ual to the length and he maximum rad us,
the cutterhead. The suction discharge passing across this surface determmes
an average characteristic cutterhead intake suction velocity V,. In addition, the
diameter of a sphere whose volume is equal to the volume of the total ellip-

soid defines a characteristic size, L, of the cutterhead.

The degree of cutterhead burial in the bottom sediments as the cutterhead
is swung back and forth has also been identified as a significant factor influ-
encing resuspension. Previous studies suggest that full burial, with all other

' For convenience, symbols are listed in the notation (Appendix A).
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factors being equal, results in the least resuspension. Less than full burial
(i.e., partial cutting) apparently increases resuspension, as does more than full
burial (i.e., buried cutting). The reason for increased resuspension during
pa- tial cutting can be explained by the fact that in partial cutting more of the
cutterhead blades are exposed above the mudline; more exposure of the blades
allows more opportumty for washoff of sediments clinging to the cutterhead

blades. The increase in resuspension because of buried cutting is understand-
able (though difficult to evaludte), because buried cutting contributes to
sloughing and cave-in along the dredging path.

The Savannah River study had partial- and buried-cut but no full-cut opera-
tion, while the Calumet Harbor and the James River studies had only full cuts
(Table 2). Thus, as will be seen below, the Calumet Harbor and James River
studies are used to provide the primary insight into full-cut operations. The
Savannah River study data are used to provide a preliminary quantification of
the increased resuspension of sediments induced by partial- and buried-cut
dredging.

Resuspended sediment concentration model
Hayes, in earlier studies of the Calumet Harbor site (Hayes 1986a; Hayes,
fcLellan, and Truitt 1988), found a good correlation of resuspended sediment

levels with the dimensionless Darameters V./V;and V,/V,. The dependence
evidenced in this correlation was consistent w1th phyelcal reasoning as to the
expected impacts of the various velocity parameters V,, V,, and V,. As dis-
cussed above, more confidence could be placed in the field data from the
Calumet Harbor site than in the field data from the Savannah River and James
River sites. Thus it was considered important that the basic behavior demon-
strated by the correlation found by Hayes (1986a) for the Calumet Harbor
study be reflected in any model for resuspended sediment concentration that
might incorporate data from all three cutterhead dredge study sites. Hayes’
previously found result was therefore a starting point for correlation of data
from ail three cutterhead dredge sites examined 1in this study.

TT.5s A cimnnlace analvcic auaco F1N0L N\ o bl b o Todn sz amma
Sing AlinensSioniess dlidlysls, ridyes {17004) dS dDIC 10 Icidlc 1ESUsSpCil-
And cadimannt laala o o Maliient ITarhae ci4a $42 o ~F tha A 1
ded sediment levels at the Calumet Harbor site to powers of the dimensionless
- 1 - > - -
parameters V,/V, and V,/V;; reanalysis of Hayes’ data confirmed this basic
dependence. For the Calumet Harbor study the resuspended sediment con-
centrations can be renregented hv
1s can be represented by
M s 106y 108V U (VW (D
Cipo X 1) WAV V) ViV \t/
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in which

C

concentration of resuspended sediment, g//¢

p = density of waters above the mudline (assumed to be 1 g/cm? for
calculations in this study), g/cm?

N
Il

. = swing speed, ft/sec

<
I

; = Intake suction velocity through approximating semi-ellipsoid surface,
ft/sec

and &, v, and w are regression coefficients found by linear regression of the
logarithmic form of Equation 1 on the resuspended sediment concentrations at
the Calumet Harbor site. Regression analysis on the 12 data sets for the
Calumet Harbor site yields v = 2.848 and w = 1.022 (similar to the values
found by Hayes (1986a) and u = -1.050 with a correlation coefficient 2 of
0.72. For the 12 sets of data used to find u, u has a standard deviation of

0.160. (Note: since w is close to 1, it might seem desirable to assume w = 1
and determine by linear regression a revised value of v. When this is done,
however, the correlation coefficient drops to 0.64. Since it is considered
more important to maintain as high a correlation as possible, the original
value of w = 1.022 is maintained in subsequent calculations.)

To utilize the results of the Calumet Harbor study for other dredging sites,
it is assumed that the concentration dependence upon V,/V; and V,/V; exhibited
by Equation 1 at the Calumet Harbor site is valid for all cutterhead dredging,
irrespective of the site or cutting mode. On the other hand, physical and
dimensional reasoning suggests that the magnitude of the coefficient u will
llKCly vary from blte to site Den,ause of such factors as the type of cutting, the

utte f the bottom sediments, and possi-

o reflect this possible variation

,
e =
-

PtV <, 1n-6n\ Y YT O TYTINY /YT AT NW I\

Cilp x 107%) = F(VJV)Y (V/V)” ()
in which

F = Fr Fn (3)

Fy and Fj, are tull-cut and nonfull-cut dredging parameters, respectively,
defined such that
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u = logo(F) = log,o(Fp) + log;o(Fp) (4a)
F, = 1, for full-cut dredging (4b)
Fp > 1, for nonfull-cut dredging (4c)
and such that F} is independent of the type of cutting being used. Thus F}, is
a factor that accounts for the type of dredging, while F is a factor that
arnrniinte Far Aradaing affonte Athae than thaca ariging froam variotiang in tha
accoums 101 Qreéagiilg Criclid VUICT uldll UiUdT aridilly 11Ul vallatiui i uUic
type of cutting

At a particular dredging site with only full-cut dredging, such as the James
River or the Calumet Harbor dredging site, F;, = 1 and F is some constant.
Furthermore, since the analysis of the Calumet Harbor data isolated the
dependence of V,, V,, and V; and this dependence is assumed to exist for other
cutterhead dredging sites, the parameter F, » cannot involve a dependence upon
the kinematic parameters V,, V,, and V,. A dependence upon these parameters
could exist in the parameter Fy,, but it is assumed that it does not. Conse-
quently, Fr must depend upon nonkinematic parameters.

Dimensional reasoning suggests that F should be a function of various
dimensionless groups quantifying the geometric differences between cutterhead
dredging at those sites with full-cut dredging. The only readily quantified

differences at the two sites for which full cuts were used, i.e, the Calumet
Harbor and James River sites, that seem pertinent to the resuspended sediment
concentrations in the immediate vicinity of the cutterhead are the characteristic
cutterhead size L (Table 3) and the median grain diameter d of the dredged
sediments (Table 1). The depth of overlying water might be important in
cases of very shallow depth where the cutterhead size and water depth are of
similar size, but for the Calumet Harbor and the James River sites the water

depths were several times larger than the cutterhead diameter. Such depths
would not seem physically significant in influencing the resuspended sediment
concentrations in the immediate vicinity of the cutterhead. Thus the only
quantifiable dimensionless parameter upon which the dredging factor Fy can
depend is the parameter L/d; therefore

R
~
>
~~
(93]
~—

Values of L/d are listed in Tabie 4.

Chapter 3 Resuspended Sediment Concentrations

Y
on



—
&)

-

£, may aiso have a dependence upon L/d. However, since only the Savan-
nah River site had nonfull-cut dredging and L/d is a constant for a particular
dredging site, such dependence cannot be identified even if it exists. The only
dependence that might be identified is that which characterizes the differences
between types of cutting modes.

The identification of the dependence of F upon L/d and of Fy, upon the

type of cut would ideally be determined by simultaneous use of data from all
three cutterhead sites. However, this is not possible since the Calumet Harbor
and James River dredging were full-cut operations while the dredging at the
Savannah River site used buried and partial cutting but no full cutting. Thus
to identify, at least approximately, the dependence of Fy and F}, upon L/d and
the type of cut, respectively, it is necessary to decompose the identification
process into an examination of the effects of nonfull cuts and an examination

of the effects of L/d.

A representative value of F for a particular site and dredge type can be
determined by computing the mean value of u and setting F equal to the anti-
log of this mean value. That is, a representative value of F is the geometric
mean of the individual values of F for the same dredge type at a particular
site. To make this computation while preserving the dependence of concentra-
tion on V,/V; and V,/V, evidenced in Equation 1, u is defined by

u = log,, [Cllp x 1079)] - v log,, (V/V) - w log,, (V/V) (6)

and computed from the various data for resuspended sediment concentrations
for each dredge type at each site using the values of v and w found for the
Calumet Harbor site (Table 4). An average value of u is then computed for
each type of dredging at each site. The values of u and their standard devi-
ations found at the James River and the Savannah River sites are summarized
in Table 4 as are the values of F corresponding to these mean u. The larger
variation in u impiied by the larger standard deviations at the James River and
Savannah River sites (in comparison to that for the Calumet Harbor site) is

i icati ' conditions under which the study
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parameter L/d since F = Fp. for full cuts;

ting are used, as described below, to refine this preliminaril
dependence.

identified
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The values of L/d and F; for the Calumet Harbor and James River sites
(Table 4) suggest that F; increases with L/d; such a variation is physically
plausible. The larger L/d, the larger the cutterhead size in comparison to the
sediments being dredged and the more resuspension that might be expected;
the larger Fj, the higher the resuspended sediment concentration. However,

since the Calumet Harbor and the James River sites provide only two data
points to define this variation, little more can be said about this variation
Consequently, the Savannah River data for partial and buried cutting are
needed to further refine this variation. To accomplish this, it is useful to
attempt to quantify the effects that partial and buried cuts have on full cutting
as suggested by the Savannah River data

Effects of type of cut

As previously discussed, it is expected that buried- or partial-cut dredging
will increase the resuspended sediment concentrations above those for full-cut
dredging. This increase in resuspended sediment concentration due to nonfull
cutting is formally described by the parameter F,,, where

F =f(P:D/D) @)
Tp TJ N YY) N
where
P = degree of cutterhead penetration for a partial cut
D = depth of cut for buried cutting

D, = maximum diameter of the cutterhead
thus D, /D,, is the relative depth of cutterhead burial in a buried cut. Precise
definitions of P and D,/D,, are provided below. Other factors may affect F),
but P and D,/D,, are the only readily quantified factors distinguishing the
types of cuts at the Savannah River site, the only site with nonfull cuts; thus
F, is presumed to depend only on these parameters.

In partial-cut dredging, the increase in resuspended sediment concentration
is viewed as the result of the increased sediment washoff from more exposure
of the cutterhead blades (in comparison to that for fuli-cut dredging). In gen-
eral ror a part1a1 cut as 111ustratea in mgure i, tne cutterneaa will penetrate a

< - PO N Ty sanedial At Lanccaann o £-11 . o g T T
aximum at the point where the dltldl cut becomes a full 'ut, at this point
A — N Daonacn a rntbarhand o i ann v 1 a 1 1
d, = D, Because the cutterhead shape is approximated as a semi-ellipsoid
with maximum diameter D, and length L, D, can be approximated as
\[l}}l_}\/llull\ k/}
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where 6 is the angle the ladder arm supporting the cutterhead makes with the
horizontal and ¢’ is the dimensionless y distance to point of tangency of cut-
terhead ellipse with penetration line. The relative penetration P is then given
by

P =d/D, )

where P will obtain a maximum of 1 for a full cut.

The primary mechanism for producing increased resuspended sediment
concentrations in buried cutting is not viewed, however, as one of washoff.
Rather, it is viewed as the result of bank sloughing and cave-in around the
cutterhead. In buried cutting the cutterhead is positioned so that the bottom of
the cutterhead is a distance D,, below the mudline, where D,, > D, (Fig-
ure 1). The cutting and removal of bottom sediment material by the cutter-
head cause sediments above the cutterhead to fall and slough into and around
the cutterhead. These falling and sloughing materials overload the dredge
suction capabilities and allow sediments to remain in the waters about the
cutterhead, thereby increasing the resuspended sediment concentration levels.
These effects are expected to increase as the dimensionless burial parameter
D, /D, becomes larger.

Since the resuspension increases for depths of cutterhead submergence in
the bottom sediments both larger and smaller than Df, it is convenient to
define the dimensionless cutterhead submergence depth D by

D=P Where 0<P<1 (10a)

for partial cuts and

D = DmlDf where D, = Df (10b)
for buried cuts. Thus,
Fp(P; D, /D) = Fp(D)  and D=0 (11)

and since Fp = f(L/d) and F = F Fy,
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F = fLid; D). (12)

Note that F is undefined for D < 0.

Fp, is assumed to have the general form

= (13)
Fp =1+ (Fp), + Fp), \E2
A TAOITIOTM AT T T sem ke PPN 2 _ o~ s
in which {Fp),, is the resuspension function describing the effects of sediment
\ ndag fAar martial ado qmd W E TR
washoff from the cutterhead blades for partial cuts and (Fp),, is the resuspen-
sion function describing the effects of bank sloughing and cave-in on resus-

pension for buried cuts. The general characteristics expected and therefore
proposed for (Fp),, and (Fp), are
(Fp), =0 for D=1 (14a)
Fy, >0 for 0 <D<l (14b)
= (14¢)
(Fp), =0 for D <1 (14c)
and
Fp)pD > 1) > (Fp)(D = 1) (14d)

Also, (Fp),, decreases monotonically with increases in D for 0 < D < ] and
(Fp), increases monotonically with increasing D for D > 1. (Fp),, and (Fs),

17

are undefined for D < 0. Also note that for a full cut (i.e., D = 1), (Fp),, =

(Fp), = 0; therefore Equations 13 and 14 imply that when D = I (full-cut
dredging)

The constraints of Equations 14 and 15 on F}, can be examined in light of
the data for the Savannah River site. For this site, the penetration depth d; for
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for D in the range

or

s~
(¢ o}
—
N

= 16.94/F, - 1

(Fp)y

21

luced.

d

Since F; (which

ediment Concentrations

-cut dredging function

-

L/d’s for the Calumet Harbor and the James River sites.

Actual values of (Fp),, and (Fp), for the two cutting modes at the Savannah
River site require an estimate of Fy for the Savannah River site. This estimate
Fortuitously, L/d for the Savannah River site is intermediate between the

is provided in the following section.

uli
L/d, Fy at the Savannah River site must be greater than the Fy at the Calumet

equals F for full cuts) is physically expected to increase with increasing
Harbor site and less than the Fy at the James River site; i.e.,

for D approximately 3.2,

E
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FuLld = 27,928) < F{Lld = 94223) < F(Lld) = 123,680 (19)

Therefore, using the data of Table 4

In addition, since F' = FFy, > [ for nonfull cuts, the buried-cut results for
the Savannah River site require that

Fp < 16.94 @1)

while the nartial-cut results for the Savanna jver cite indicate the mara
VY AAAnws CALwS ym VALEA WAAL i WiFLEALAF AU CAAW WAV LRAALACELL ANMA Y Wi JAVW 11ANIAVALW L1LV L1I1IVUL N
restrictive condition

Fr. < 0.278 22)
Combining these limits yields the condition

0.0892 < F(L/d = 94,223) < 0.278 23)

P T
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To provide an estimate of a specific value of Fj for the Savannah River
site, a physically based model for (Fp),, can be formulated It is recognlzed
that such a model will be unverified; however, this model does provide not
only a physically reasonable value for (Fp),, but a value of F that is also
consistent with the previously defined limits on Fj.

In a partial-cut operation, the increase in resuspended sediment concentra-
tion is viewed, as previously discussed, as the result of increased cutterhead
surface area available for sediment washoft. The area over which the sedi-
ment washotf occurs is taken as the exposed cutterhead surface area not
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Figure 2.  Full-cut dredging function F, for cutterhead dredge

submerged in the bottom sediments being dredged. This exposed area is a
fraction of the source volume surface available for sediment generation

F_ < 1 of the total cutterhead surface area, A,. The area exposed on the side
of the cutterhead advancing into the sediments (i.e., swinging into the sedi-
nts) is different from that on the opposite, nonaavancmg side of the cutter-

me
e Figure 1. Let the fraction of surface area exposea on
1.

he: d, as illustrated in rigure 1. Let
M e ndd Land LWa L' aead 4 AC.,.,\A.,\_ .. AAAAAAAAA
U UC M, 4allu UuIC 114actuioll oIl l.llC llUIldUlelL-
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F,=F, +F, 24)

and F, < F, ,F, < 0.5, and F, < 0.5. The fraction of nonexposed sub-
merged surface areas on each side of the cutterhead is therefore, in general,
0.5-F,and 0.5 - F, . On the nonadvancing side of the cutterhead it is
assumed, however, that the entire cutterhead surface is exposed, and thus

F, = 0.5. On the advancing side of the cutterhead, the bottom sediments are
assumed to extend a vertical height ds above the low point of the cutterhead
and slope downward across the cutterhead perpendicular to the axis of cutter-
head rotation as shown in Figure 1. As a consequence 0.5 - F, is

05-F,=05a, @25)

in which, as detailed in Appendix C and by replacing P with D in accord with
Equation 10a, a,, the fraction of cutterhead semi-ellipsoid surface submerged
below mudline, is approximated by

az = 1 - [1 - (2yp/DC,,)2]”2 for D=p, (269
and

Clz =0 for D < Pa (26b)
in which

= g/ I e 1y = 11 + _ !
2,IDy =q’ D' +1) -1 +(1-q'2 269
{1 -ID @ +1-1P)"
P, =11 +g")] - [(1 - g +qg"nN" (26d)

Thus, considering both sides of the cutterhead it follows that
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F,=1-05a, @7)

If the increase in resuspended sediment concentration from partial cutting is
presumed to be proportional to the increase in exposed surface in a partial cut,

(Fpy = FlF,pyy -1 =1 -az 28)

Applying the model of Equations 24 through 28 to the Savannah River
data, the following is obtained for 6 = 45 deg, D = 0.3 (the average of the
range of 0.1 to 0.5 identified above), and D, = 6.24 ft as previously deter-
mined: q' = 0.5145, P, = 0.094, 2, /D, = 0.4378, az = 0.101, F_ =
0.950, (Fp),, = 0.899, and Fy, = 1.899. These values of F, and (Fp),, are
physically realistic.

Furthermore, if F, = 1.899, it follows from Equation 3 and the data of
Table 4 that for the Savannah River data Fp = F/F, = 0.278/1.899 = 0.1464
=~ 0.15. This value for Fy falls nicely within the bounds identified for Fy.
Thus the above-described model for (Fp),, appears to be reasonable.

If a value of Fr = 0.15 is accepted as an estimate for Fy for the Savannah
River data, an empirical curve can be fitted to the three data points for Fr
now provided by the Calumet Harbor, the Savannah River, and the James
River data. With only three data points, the data are closely fitted by the
equation

[(10™ L/d)/13.3]"% = log,ollog,,(Fp) + 2.05] (29a)

or equivalently

log,o(Fp) = 10007 @™ _ 5 g5 (29b)

With F now estimated to be 0.15, Equation 18 can be used to determine
that (Fp), = 111.9. The values of (Fp),, = Fp = 0.899 for D = 0.3 and
(Fp)p, = Fp, = 111.9 for D = 3.2 along with F, = 0 for D = 1 allow an
approximate functional form for Fj, to be identified, as shown by the curve in
Figure 3. The empirical curve of Figure 3 is given by the equation

Fp = 1.9039(D - 1)* + 0.4116(D - 1)’ (30

Chapter 3 Resuspended Sediment Concentrations
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Figure 3 Cutterhead cutting type function 7,

Equations 29 and 30 illustrate the general relationships between important
dredging and sediment parameters but should be applied cautiously to other
dredging sites. However, the use of these equations must be tempered consid-

upon which they are based and their mathematical
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characteristics Values of Fy generated using Equation 29b increase dramati-

cally with smail changes in the median grain diameter d. Simiiarly, Equa-

tion 30 responds dramatically to values of D in excess or 2. Consequently,
these equations can predict large variations in predicted suspended sediment
cnnrantratinng wwith cmall changag in thaca vyarinhlag

CUILILUIILL Aliuld WLl dlilall bllallscb I UICOU validulod

With an estimated value of Fy, for the Savannah River data provided by
Equation 30 it is possible to infer what the resuspended sediment concentra-
tions at the Savannah River site would presumably have been if a full cut had
been used but all other factors had remained the same. If the Savannah River
data are adjusted to reflect full-cut dredging, then collectively the Calumet
Harbor, the James River, and the adjusted Savannah River data provide a
combined set of data to assess the ability of the full-cut model to generally
describe the resuspended sediment concentrations induced by a cutterhead

dredge.

T'o adjust the Savannah River data, ali partial-cut concentrations are
reduced by the factor 1 + (rD)w 1.899; all buried cut concentrations are
PR B B SUE I e | [l Ve ol 1173 N mL T L£oa o L i1 -~
reauced oy ine 1acior 1 + (I’D p = 112.5. 1N1€ I'p TACLOT 10T TNE 1 sumng data
e N 1E  sa ramanmcitaod alhasra Loemn ssrhliinh 20 0 N OVMA ia Apndtasemmtmand /MAaL1. AN
Id V.10, dd Lulllputcd 400ve, 1101 G U6 = -U.044 IS UCICTIIIIICU { 14DIC 4)
These resulting data, along with the appropriate V,, V,, and V|, are combined
with the Calumet Harbor data (with Fp = 0.0892) and the James River data
(with Fr = 87.3), each with their various V, V,, and V, values, to provide a
general data set against which Equation 2, for a full cut, can be tested

The observed resuspended concentrations (or, in the case of the Savannah
River data, the adjusted concentrations) are plotted against the concentrations
predicted by Equation 2 in Figure 4. The straight line through the data indi-
cates the line of perfect fit. The degree of scatter about this line of perfect fit
can be quantified by computing the correlation coefficient ° and the standard
error in estimate between the computed and observed data, treating the pre-
dicted values of the logarithm of concentration as the independent variable and
the observed values of the logarithm of concentration as the dependent vari-
able in a simple linear regression. Computed correlation coefficients and
standard errors of estimate for the logarithms of the concentrations are listed
in Table 5 for all the data and various subsets of the data. The overall corre-
lation coefficient 72 for the entire data set is 0.556. Subsets of the complete

m

data set produce differing levels of correlation as listed in Table 5. The
1.
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Figure 4. Sediment resuspension predictions for cutterhead dredge operat-
ing at full-cut burial

believed that there was, in fact, considerable variation. The overall correla-
tion is dominated by the Savannah River data because of the relatively larger
number of data items for the Savannah River study.

While there is far from perfect agreement between the predicted and
observed data in Figure 4, there is a sufficiently reasonable comparison, it is
believed, to conclude that the model provided by Equations 2, 3, and 4 as
well as the full- and partial-cut models as described above provide a reason-
abie approach for estimating resuspended sediment concentrations produced by
hydraulic cutterhead dredging. However, the equatlons should be applied
cautiou 'iy to sites different from those used to deveiop the relationships. As

il ~ioal

er tf:b[ ml% matnemaucau

The dustpan dredge, used at the James River study site, was proposed as a
means of reducing levels of resuspended sediments. This dredge, in the modi-
fied form used at the James River site, merely sucked up sediment loosened
by the forward advance of the dredge, apparentiy creating a bulidozerlike

i ' and push sediment into the dredgehead where it would be
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sucked upward by the suction velocity. Winglets on each side of the dredge-
head were supposed to restrict dispersal of sediment into surrounding waters.

Although limited data prevent a detailed evaluation of the dustpan dredge-
head behavior, near field measurements (summarized in Appendix E) indicated
resuspension was as high as or higher than that produced by the cutterhead
dredge (Vann! 1983; Havis 1988; Raymond 1982; McLellan et al. 1989).
Some of this may have been due to the apparently substantially larger forward
velocities used with the dustpan dredge in comparison to the estimated swing
velocities used for the cutterhead dredge (see Appendices E and F). In addi-
tion, if the effective area over which the intake suction velocity to the dredge
occurs is approximated as a quadrant of a cylinder with a 2-ft radius and 28-ft
length (Table 2), the effective surface area of the dredgehead is about 88 per-
cent of that for the cutterhead dredge head used at the James River site. On
the other hand, data presented by Vann! on dredge production during the test-
ing period suggest that suction discharges of the dustpan dredge were approxi-
mately 60 percent of those for the cutterhead dredge. Thus the dustpan
dredge may have had effective suction intake velocities of about 0.60/0.88 =
0.68 = 68 percent of those of the cutterhead dredge. Since the cutterhead
correlation suggests concentration levels are strongly inversely proportional to
intake velocity, the larger concentrations observed during the dustpan dredge
operation may be a result, at least in part, of the apparently smaller effective
intake suction velocities for the dustpan dredgehead.

Matchbox Dredge

The matchbox dredge, studied at the Calumet Harbor site, was also pro-
posed as a means to reduce release of resuspended sediments to the water col-
umn. The matchbox enshrouds the dredge suction intake with a box-type
cover that allows sediment passage only through the open sides of the box.
The necessary agitation and dislodgement of bottom sediment is accomplished
by the mechanical and hydraulic forces as the dredgehead swings back and
forth. There are no rotating cutter blades; thus presumably the resuspension
of sediments by the dredge operation is insensitive to the direction of swing of
the dredge ladder.

The concentration levels measured during three distinct sets of operating
conditions for the matchbox dredge at Calumet Harbor (Appendices K and L)
indicated that no measurable reductions in resuspended sediments in the imme-
diate vicinity of the dredgehead were achieved compared to the conventional
cutterhead dredge. In fact, for comparable operating conditions, sediment
concentrations were sometimes greater than those for the cutterhead suction
dredge. Previous researchers (Hayes, McLellan, and Truitt 1988; McLellan

' R. G. Vann. (undated). “James River, Virginia dredging demonstration in contaminated
material (kepone), dustpan versus cutterhead,” Report, U.S. Army Engineer District, Norfolk,
Norfolk, VA.
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et al. 1989) concluded that operator inexperience with this type of dredge,
lack of adequate control in matchbox posmomng near the channel bottom, and
frequent clogging of the suction line affected the performance of the matchbox
dredge.

The importance of proper positioning of the dredge near the channel bot-
tom is emphasized by the results for the cutterhead suction dredge found
above. While it is not immediately apparent how the absence of cutterhead
rotation speed could be accounted for in describing resuspension with Equa-
tion 2, the presence of the ratio of swing speed to intake suction velocity
raised to a 2.8 power suggests considerable sensitivity to the effective suction

velocit y in the water 1rnmemately SUI'I'OUIlQll'lg the matchbox. L,onsequently,
1. FEAnticranmaag ~F 4+
L
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ability to precisely control the position of the matchbox near the bottom and
achieve and maintain effective suction velocities conducive to small
reclienencinn
resuspension
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One dredging study with a hopper dredge was conducted under the IOMT

program (l able 1). Sediment resuspensmn was measured aurlng both non-

overflow and overflow conditions in Grays Harbor, Washington. Because
only one study has been accomplished for a hopper dredge, little quantitative
information can be extrapolated as to the magnitude of sediment sources that
might be generally produced by a hopper dredge. However, some observa-
tions are worthy of note

Hopper dredges, because they are often used in strong current areas typical
of many estuaries and outer harbors, use a hydraulic draghead on a dragarm
suspended beneath the hopper vessel to cut and draw sediment upward into the
ship’s hoppers. The forward motion of the ship provides the primary cutting
force while the hydraulic suction provides the necessary hydraulic lift and
transport.

The actual suspended sediment concentrations aft of the moving hopper
dredge studied in the IOMT program at Grays Harbor, Washington, are
sho own 1n Figure 5 (see Appendix N for concentration data listing). As an aid

e data in Figure 5, approximating smooth curves have been
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Figure 5. Resuspended sediment concentrations observed behind a hopper
dredge operating in Grays Harbor, Washington

very close to the ship can only be estimated by extrapoiation of data from

greater distances.

Figure 5 shows that, as would be expected, the sediment concentration
generally decreases with increasing distance from the dredge. The drop-off in
sediment levels are evidenced in Figure 5 at a short distance downstream of
the dredge in its nonoverflow operating mode, This is believed to be result of
a combination of localized distortion of the sediment plume due to the ship’s

arge-scale turbulence and the difficulties in sampling
along the axis of the plume in the regions nearer the dredge ship. If this
lower value some 500 ft distant from the dredge is disregarded, the vertical
average sediment concentration at zero distance from the dredge is estimated
by extrapolation to be only about 13 mg/¢. However, this 13 mg/{ represents
a vertical average. If the sediment throughout the vertical extent of the water
column is presumed to be concentrated in a zone of height equal to the
approximate size of the dredgehead (Table 2), the source concentration for the
dredgehead becomes equal to approximately 146 mg/¢, as listed in Table 3.

Overflow operating mode

A distinctive feature of hopper dredges as sources of suspended sediment
arises from the possibility that a hopper dredge normally provides two sources
of sediment. Hopper dredges may be operated in either an overflow or non-
overflow mode. In the nonoverflow mode, the material dredged from the
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dredge along the channel bottom and increased v )
waters being siphoned upward through the drazhead Th source o
pended sediments is thus the agitation of sediments on the channel bottom by
the dredge and dredge ship.
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In the overtlow mode of operation, the hoppers are filled beyond their
point of capacity so that intentional spillage occurs. By pumping past the
point of overflow, greater density is achieved in the sediment-laden waters
retained in the hoppers; the greater density increases the effective capacity of
the dredge with a resuiting increase in the economy of the dredging operation.

upernatant overflow waters rrom the noppers are dlscharged to the near-

J J,

source of suspended seduue“lts from the dredging Operauon As might be
expected because of the high flow and concentration of sediments in the
waters siphoned from the channe! bottom and their short retention time in the
hoppers, hopper overflow produces higher suspended sediment concentrations
than the dredging action itself (McLellan et al. 1989).

The effects of these two different sources of sediment in a hopper dredgin
operation is illustrated by the data of Flgure 5. It is apparent that vertical
average sediment concentrations with overflow are approximately one to tw
orders of magnitude larger than without overflow in the regions near and at
moderate distances downstream of the dredge. Generally, the average con-
centration, due to both dispersion of the sediment plume and settling of
suspended particles, decreases with downstream position. The vertical aver-
age concentration level for the overflow mode of operation at a zero distance
from the dredge is, by extrapolation, about 355 mg/?.

Ciamsheli Dredges
Factors influencing resuspended sediment levels

A variety of factors in the use of clamshell dredges have been identified or
suggested as contributing to the resuspension of sediment. Previous investiga-
tors (e.g., Hayes, McLellan, and Truitt 1988) have suggested that bucket
impact, penetration, and withdrawal are major contributors to sediment resus-
pension. An additional source of sediment in the near field water column is
the loss of sediment from the clamshell bucket as it rises through the water
column, breaks the water surface, and is SWung across to the point of bucket
pening and dredged material release. In its upward movement, sediments

¢ .

overflow the top of the bucket, leak fr(r‘ the sides and bottom of the bucket,
and are washed from the sides of the bucket. Based upon these factors, a
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general equation for sediment resuspension during ciamsheil dredging can be

written as:
Total B Rbelfgligterilrsrio{;c?y . Resuspension
Resuspension pact, bucket leakage

penetration, and withdrawal

Resuspension by
+ washing of sediment

llUIIl UULKCL Wdllb

While this equation includes the primary components of resuspension, these
components are not easily modeled and are influenced considerably by other
dredging characteristics. These characteristics are discussed below.

An important factor influencing total suspended sediment levels in the
water column is the bucket cycle time, i.e., the time used to make a complete

bucket lift, recovery swing, bucket opening and release, return swing, and
DUCKe[ urop and return to the channel bottom. Other operational factors that
may influence se ediment generation include the amount of bottom sweeping or

41 i ¢+
smoothing, if any, with the bucket by the bucket operator, and the num
passes used in removing the sediment at a particular location.

Bucket dcsign and size, as well, can be expected to affect the amount of

sediment generated. In the IOMT studies conducted to date, two different
f buckets have been used: (a) an open bucket (which is the common

type of clamshell bucket), which allows some free drainage of water and sedi-
ment overflow as the bucket is hoisted upward, and (b) a closed bucket (some-
times referred as a watertight bucket). Various types of closed clamshell
bucket designs have been previously described! (Arctic Laboratories et al.
1985; Herbich and Brahme 1991). The particular design of the closed or
watertight clamshell buckets used in the IOMT studies have been described
(Raymond 1984; Hayes, McLellan, and Truitt 1988; Hayes 1986b; Mont-
gomery and Raymond 1984). Irrespective of the details of the design or the
name given particular designs, these bucket designs are intended to minimize
drainage from the bucket.

' U.S. Army Corps of Engineers, Office of Civil Works. (n.d.). “Dredging,” Engineering

School Manual, The Engineering Center, Fort Belvoir, Virginia.
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Data analysis

Concentration levels very close to a clamshell areage couid not be mea-

..... L DA TR - DS s T — <

sured in the field during actual dredging Operduons because of the danger
mnand ey o 1iftimes axxresacvismey nlasa Lall lcenlond Y oan e < LUV [
pOsS€a Oy 4 iiiting, S ugmg clamshell bucket. \,Ullbcqucnl y, in order to
obtain a source concentration level for a particular clamshell bucket dredge,
concentration levels at various radial distances from the dredge were extrapo-
lated to deduce an approximate concentration at a zero radial position repre-
senting the idealized center of the dredee. Appendicess P. O. S. U W._ X and
senting the idealized center of the dredge. Appendices P, Q, S, U, W, X, and
Y tabulate concentration data for the various clamshell dredge operations

Several factors had to be considered in developing the concentration data to
make this extrapolation. Firstly, it was recognized that there was considerable
apparent random scatter in the concentration data because of the inherent diffi-
culties in making field measurements in the various dredge studies. Secondly,
because the data at each dredging site were limited, it was necessary that as
much of the available data as possible be used to estimate the source concen-
tration at the idealized axis of clamshell bucket rise and fall. To address the
first factor, concentration data were vertically averaged over the depth of the
water column for each set of measurements at a particular time and location.
To address the second concern, temporal variations arising from changing
river current pauerns were neglected and tidal effects were, as GISCUSSCO
below, only approxi frl ately accounted for; the amou /as ins

L . .

In addition, the far field concentration levels used to make the source con-
centration estimates are not a function solely of radial distance, but rather
depend on both radial distance and angular orientation relative to the dredge
and current that may exist. However, because the data were hmiu;Q, variation
of concentration with angular position was difficult to distinguish in the field

data at a level of detail considered necessary for making the de31red extrapola-
tion to a zero radial distance. Consequently, it was decided that only radial
variation of concentration would be used in making the desired extrapolation.
Two factors lessen the error that neglect of the angular orientation introduce:
(a) the far field data used to make the extrapolation tended to be concentrated
in regions along the streamwise axis (either upstream or downstream of the
dredge) of the channel and sediment plume produced by the dredging; thus
much of the data had approximately similar upstream or downstream angular
orientations relative to the dredge; and (b) far field concentration patterns
tended to become iess dependent on anguiar orientation the smaller the radial
distance rrom tne areage tnus int 1c1mty of the areage rdr rlelo

While temporal variations in currents and detailed tidal variations were not
accounted for in the far field data analysis, it was clear from both the raw data
and studies by previous investigators (Hayes, McLellan, and Truitt 1988;
McLellan et al. 1989; Havis 1988) that both the typ pical river current and
tides, when present, produced some asymmetry in the streamwise pattern of
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ed to the streamwise motlon t a settlmg sediment particle and the
horizontal dlstance in an upstream or downstream direction that a particle can
move before it finally settles to the channel bottom.

Since the data were sufficient in number only for analysis on a time-
averaged basis, the asymmetry in far field concentrations apparently intro-
duced by river current and tides was accounted for by locating all data at
adjusted radial positions somewhat different from their actual radial positions.
Points upstream of the dredge in sites dominated by river current flow or, in
the cases of strong tidal influences, points for measurements taken during the
ebb tide had the streamwise component of their radial distances increased oy a

constant length, while points taken (IOWIN[erm of I he dredge or on th
tlae naa the streamwise co t
1
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J
a vas refined only to 10-ft increments. The magnltude
of these adjustments (0 to 100 ft) is physically consistent with the time avail-
able for the horizontal movement that a falling sediment particle could
undergo moving at current or tidal speeds typical of the various sites

(Table 1).

72}
— =

w
v

Once the adjusted positions were determined for the concentration data for
a particular clamshell dredge, the concentrations were plotted and fitted by eye
with a smooth curve. Extrapolation of the curve to a zero radial distance
yielded the clamshell dredge source concentration. These estimates of
observed source concentrations are listed in Tabie 3. To reduce the effects of
random error and angular orientation at larger radial distances in the plotting
and curve fitting, the vertical average concentrations at different adjusted

radial positions were averaged over radial zones before plotting. The width of
the averaging zone depended on both the study site and the radial distance
because of the differences in the number of data at different radial distances in
aarh Aata qat
Lauvlii uata osuet.

Figure 6 shows the radial variations of concentrations for the five ditferent
open clamshell bucket dredge studies (Table 1). For clarity, the concentra-

tions have been normalized by the estimated source concentrations. Also for
the sake of clarity, the closed clamshell data are not plotted in Figure 6; how-
ever, they behave in the same general manner as the open-bucket clamshell
data shown. While there is certainly considerable scatter, the data shown in
Figure 6 for each of the various sites do demonstrate a crude exponential
decay of concentration with adjusted distance. Note that the approximate rate
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Figure 6. Relative resuspended sediment concentration versus distance for
open-bucket clamshell dredges
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ferences arise because of differences in sedlment characterlstxcs, clamshell
bucket features, and bucket operation; their influence of these factors can be
quantified through a combination of physical and dimensional reasoning. Less
well-defined background flow conditions and local site peculiarities might also
influence these source concentrations, but cannot be identified in the present
analysis.

If dimensional reasoning is applied, one recognizes that the bucket size
compared to the dredging depth shoula be important to the levels of sediment
produced by a ciamshell bucket: the bigger tne nuCKet compared to the tfiow

S e 1

sreater the sediment Te:uspc“:uSi n. Thus the dimensionless param-
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in which b is a representative size of the clamshell bucket and 7 is the repre-
sentative dredging depth (Tables 2 and 3), should influence the source concen-
tration. The shape of a clamshell bucket is crudely square in the horizontal
plane and one vertical plane and triangular in the third, orthogonal plane.
Thus if the clamshell bucket volume is V,, then the characteristic size of the
bucket can be defined by the relation

v, =b2 (32)

The time the clamshell resides in the water column should also affect sedi-
ment production; the longer the bucket is in the water column, the more time
available for sediment loss from the bucket. The time in the water column
should be closely proportional to the bucket cycle time for operation by an
experienced dredge operator. Counterbalancing this effect, however, is that
longer cycle time implies fewer bucket loads being removed in any definite
period of time and thus less total sediment Delng removed over an extended
perlod of time. Lycle times T for the open-bucket clamshel i dredges are
cy le time can be iu

2 2n 32 P P o) 1ao

i1 1g a dimensionless cycle
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S =vTh (33)

in which v, is a representative settling velocity of the resuspended sediments.

A representative settling velocity v, can be estimated from Stokes law using
the median grain diameter d and specific gravity of the dredged sediments;
values of v, computed from Stokes’ law are listed in Table 3 for all the dredge
sites except Lake City and St. Johns River. No data on sediment size or set-
tling characteristics were available for the Lake City site, and therefore no
settling velocity was estimated. While median grain size data was also not
available for the St. Johns River site, one set of settling column measurements
for high concentrations of sediments was available. In lieu of other data,
these settling column measurements were used to estimate a representative v,
for the St. Johns River site.

o
> beginning of the settling column meagurements was taken as an
article setting velocity v,. This interfacial velocity,
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determined from the slope of the curve of interfacia l p
curve, was 5.143 x 1073 ft/sec as listed in Table 3.

The available data allowed calculation of S and B for only three sets of
data. Consequently a regression analysis on the two independent parameters §
and B was not possible. However, the single parameter

/B = (\I T/h\/(b/h) = 'I!T/b (34)

v 41

which represen‘ts a normalized dimensioniess set‘ting velocity, correlated quite
[N | SOt Tmas ASmAaaesden Lo ol —d

WCll 'w1u1 l.llC Source concentr dllUIl b 10r the mrec Sets OI (]d[d A regreSSIOH
analysis of the source concentration for the closed-bucket clamshell dredges at

the St. John River, the Black Rock Harbor, and the Calumet River sites
yielded the dimensionless equation
r ] 3.033
b (35)
Cl(p x 1075 = 0.00235(B/S)*** = 0.00235 | _2_| (
%)

in which C is the open-bucket clamshell dredge source concentration. The
linear correlation coefficient #* for the logarithmic equivalent form of Equation
35 1s 0.979. Equation 36 can be closely approximated by

e 13
Ol 106 — 0 N2 l b I (36)
Cilp X 1IU7%) = U.0U25
v. T
v )
Nnnemrmarians A Alhcaserad Anmnnmbnndi e ~ thhnon et A L T at L DL
A comparison of observed concentrations to those computed from Equation 36
is provided in Tables 3 and 6 and Figure 7

The estimated source concentrations for the closed clamshell buckets are
given in Table 3. For the St. Johns River, the source concentration is
decreased in comparison to the open-bucket clamshell concentration, as might
be expected. At the Lake City operation, however, the source concentration
is higher for the closed-bucket clamshell operation. While the reason for this
is not apparent, it may be because of the bucket size (the closed buckets were
larger than the open buckets; (Table 2) and the bucket cycle time. While
quantitative data were not reported on the cycle time T for the closed-bucket
clamshell dredging operations, it is known that, because of the difficulty of
forcing air out of the ciosed bucket, the cycle times for the closed-bucket

Chapter 3 Resuspended Sediment Concentrations
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Figure 7. Open-bucket clamshell dredge correlation
clamshell dredging at both the Lake City and St. Johns River sites were at,
least as great as that for the open-bucket ciamshelis. It is aiso possible that
4lan meadrenzmznnd nfa Zaa dlio Lo lood oot Cba X ou g Lo S a1
UIC Clitddpped dil 111 UIC DUCKCL COIMUIIDULCU L0 gICALCT DUCKCL 1IMp4dcCt oI (o]
bottom because the dredge operator may have attempted to overcome the air
entrapment problems by trying to cause the bucket to drop more quickly than
an open bucket. Sidecasting of the dredged sediment at the Lake City site
may also account for the higher concentration levels observed with the closed-
bucket operation.

Lack of data prevented an attempt to correlate closed-bucket clamshell
resuspended sediment concentration with the S/B parameter of Equation 34;
but the correlation of Equation 35 does suggest that cycle time, even for
closed buckets, may be a crucial factor in the success of closed-bucket clam-
shell dredges in reducing resuspended sediment levels.

w
«w
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Dredging operations are sources of resuspended sediment because of the
hydraulic and mechanical actions of the dredge. Once introduced into the
water column, resuspended sediments are advected and dispersed into the near
and ultimately, far ﬁeld waters surrounding the dredge Sediment resuspen-

o
incorporating field measurements on resuspended sedjme >
requires various assumptions. While these assumptions can be tested through
application of mathematical models of resuspended sedlment transport and

deposition employing the estimated source strengths, the a priori descriptions
of the resuspended sediment sources and their strengths provided below have

not been verified and, therefore, must be considered as preliminary.

The estimation of resuspended sediment source strengths incorporates
information about dredge characteristics and resuspended sediment concentra-
tions in the immediate vicinity of the dredge or dredgehead. Of the several
IOMT dredge studies described in the preceding chapters, only those for the
cutterhead and ciamsheil dre(iges have sufficient information on which to

formulate a source srrengm model. These studies, because they inciuded more
¢ nly

correlation of resuspended sediment concentration, but also demonstrate the
specific influences of sediment properties, dredge characteristics, and dredge
operating parameters. The remaining studies on the dustpan, matchbox, and
hopper dredges do not provide such detail. Conceptual models for these latter
tyvpe of dredges could be envisioned, but would be highly speculative and of
limited utility since source concentrations could not incorporate dependencies

on dredge characteristics and sediment properties.

Chapter 4 Suspended Sediment Source Strengths



Features of Source Model Structure

The strength of the resuspended sediment source, designated as R, is the
temporal rate at which mass (or weight) of sediment is introduced into the
near field waters surrounding a dredge as a consequence of a dredging activ-
ity. This source strength, as used here, describes the resuspended sediment in
excess of background levels; it is assumed that the source strength is indepen-
dent of such background suspended sediment levels.

The introduction of sediment into the water immediately surrounding the
dredge represents a mass (or weight) flux of resuspended sediment originating
from the source. 1ms flux can be expressea in terms of the proauct of f rep-

boundary. Caicui-‘tion of the resuspended strength from
actual dredging data therefore requires a description of (a) the geometry of the
source and source boundary surfaces, (b) the fluid velocity structure or fluid
movement at the source boundaries, and (c) the resuspended sediment concen-
trations at the source boundaries

Source geometry

For mathematical modeling and purposes of analytical analyses, a source
may be conceived as being concentrated at a point, along a line, or over a
surface. The choice of the geometric shape for a mathematically idealized
source is based upon the physical system being described and mathematical
convenience. Practical definition of source geometry must recognize the type
of data (field data in the present study) from which velocities and sediment
concentrations in and around the source are estimated. Because there is a
practical limit upon how smalil a region around a particuiar dredge can be
sampled, it is necessary to define the source strength using an approximating

geometry for the source. Different types of source geometries of finite size,
M +h .
1 L

: A Ph B o W | ara tharafAra 130ad 10 Aacnrihing tha antiena
.C., UllICICT 1l. SOUICC VOUIULICS, dIC UICICIVIT USTU 11 UCHULIVIYE UIC SuUulLc
strengths for various types of dredges

Correlations for resuspended sediment concentrations in the immediate
vicinity of a dredge or dredgehead have been provided in Chapter 3 of this
report for both cutterhead and clamshell dredges. These concentration corre-
lations are functions of dredge characteristics, dredge operation, and sediment
characteristics. The concentrations predicted by these correlations are the
concentrations presumed to exist on the surface of the conceptualized source
volume. Source volumes are defined so as to be consistent with the geometric
assumptions made in deduction of these concentrations from field studies. For
the cutterhead dredge, the concentrations are those immediately surrounding
the cutterhead itseif; for the ciamsheli dredge, these concentrations are the

41
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vertical average concentrations about the axis of the vertical motion of the
clamshell bucket.

Velocity structure

The source models given below use a velocity that represents a fluid
motion creating a transporting flux of resuspended sediment away from the
surface of the source volume. This velocity, in general, is assumed to be the
net result of the particular velocities induced by the operation and motion of
the dredge bucket or dredgehead. Velocities induced by tides, currents, or
similar external fluid motions are not directly included because the velocity
field in the vicinity of the dredge is modified and disrupted by the dredge
operation. The fluid velocity in the near field about the dredge is a localized
velocity field defined in large measure by the configuration of the dredge and
dredgehead or bucket motion.

Model coefficients

Mathematical models of hydraulically related phenomena, such as sediment
resuspension, often incorporate unknown coefficients to account for effects or
parameters not readily quantitied. Ultimate use of such models requires a
determination, usually by physical experimentation or field measurements, of
those coefficients. The models formulated here limit the use of such coeffi-
cients for the following reason: the intended use of the present source
strength models is to provide a priori estimates of resuspended sediment
source strengths that can be initially used for numerical modeling of the resus-
pended sediment transport process, and, in addition, assist in identifying
parameter groupings that characterize the effects of source strengths. A priori
estimation cannot incorporate unknown coefficients; thus models must be
formulated which, although possibly crude, incorporate parameters that are
generally known or can be reasonably estimated.

Cutterhead Dredge

Source volume geometry

The resuspended sediment source volume geometry for a cutterhead suction
dredge is taken as the dredgehead, approximated in its shape by a semi-
ellipsoid with its minor axis and major axis equal to the maximum radius and
length, respectively, of the cutterhead. This geometry is the same as that pre-
viously used to define the inwardly directed cutterhead suction intake velocity
V. and characteristic cutterhead size L.

Because ot the washoff of sediment from the cutterhead, there develops a
zone of resuspended sediment concentration C about the cutterhead, where the

Chapter 4 Suspended Sediment Source Strengths



concentration C is given by the model of Equations 1 through 3. As a conse-
quence, the swinging motion of the cutterhead creates a moving resuspended
sediment source volume of magnitude V,, with a volume average concentra-
tion C. While the calculation of the concentration in this zone is based upon
the semi-ellipsoid source volume, the actual volume over which the concentra-
tion C may typically exist may occupy a volume larger than V. The vertical
extent of this volume is (1 + kg)D,,, while the length of this volume in the
direction of the axis of the cutterhead is (1 + k_,)L; both k4, and k,, < 1.5,
where k_, and k_, are size factors for the diameter and length of the cutter-
head, respectively. In shallow waters where (1 + k) D, exceeds the depth
of the water, the vertical extent of the zone where the concentration is C
would be limited by the depth of water.

Velocity structure

The motion of the cutterhead blades relative to overlying waters and eddy-
induced motions behind the swinging cutterhead ladder wash sediment from
the cutterhead blades and disperse it into the overlying waters. The rate at
which the washing proceeds and the rate at which water is sweeping by the
cutterhead due to the combined motion of the swinging ladder arm and the
cutterhead blades is characterized by the net velocity V, of the cutterhead
blades near the top of the cutterhead rotation. Thus, similar to the deductions
of Chapter 3,

V,=V_+V,_  for overcutting (37
V,=V_ -V, for undercutting (38)

While V, is based upon the vector summation of velocities V, and V; at the top
of the cutterhead, this velocity is viewed as a representative velocity at which
resuspended sediment is generally introduced into the water immediately sur-
rounding the cutterhead because of the combined motion of the cutterhead
ladder arm and the rotating cutterhead. That is, for evaluation of source
strength, V, is a representative washoff speed tending to convey resuspended
sediment away from the trailing side of the cutterhead.

Source strength

At any moment during the period of swing of the cutterhead ladder arm,
the total mass flux of resuspended sediment emanating from the semi-
ellipsoidal source volume is the result of the resuspended sediment passing
across a surface in the plane orthogonal to the motion of the cutterhead ladder
arm, i.e., across a plane of height (1 + k_)D,, by length (1 + k_,)L,,. Thus
the source strength is

Chapter 4 Suspended Sediment Source Strengths
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R = CVIl +k,D,I1 +kLIL, 39)

in which C is given by Equations 1 through 3. If Cis in mg/¢, V, in m/sec,
and L, and D_, in m units, then R will be g/sec units. If Cis in mg/¢ units
while 'V', is in ft/sec and Lch and D, are in f units, then R will be in (mg/f)
1 roNsei3 n nAon

03 t
(ft’/sec) units, where 1 (mg/¢)(ft’/sec) = 0.0283 g/sec.

Defining the resuspended source strength for the clamshell dredge requires
reiating resuspended concentration conditions to characteristics of the ciam-
shell bucket and its operation. Kesuspenaea ediment concentrations are

related to these characteristics bv Equation 3 PR SO TR BRSNS R T
related to tnese CnaracCieristics Uy qu uon > 1 Ulc OpCII-DUCKCL CldINSIICH
Avadan A narracmanding amiatinn txrae nat doavalamad £ae tha nlacad henl-ad
uicugc £ LULLOOPULIALLLE TUUALIVIE wadd UL UCYTIUpPCU 1UL UIC LIUDTU-UULACL
rlamchall dradgoa Cancannantly nn attamnt i¢ mada tn idantifu thae canrra
Ciamsnla QréGge. Lonsequeiiuy, N0 aulmipt 1S maGe 10 1Gehntry i€ source
ctrenoth far a claced_huecket clamchell dredoe nwever choanld ciieh a earrec
\)b‘\"-ls‘—ll 1UL 4 ViUJowvUu vuwvnDnivil Vvidiilolivii ulvu&v- ALYV 'V\/'V‘, D1IVUIVL OuUVlL G Wil v
lation be identified. its use to define dredee source strenoth would likelv track
ation pe 1aentined, 11s Use 1o denne aredge source strengin would Uxely rack
that for the open clamshell bucket dredge

Source geometry

The source geometry for a clamshell dredge is idealized as a cylindrical
column of vertical height equal to the depth of water £ in which the clamshell
dredge is operating. Because a clamshell bucket is approximately square in
the horizontal plane with area »° and, as given by Equation 32, has an approx-
imate volume of 5°/2, the effective cross-sectional area of the cylinder in the
horizontal plane is taken as b? while its perimeter is taken as 4b, (Table 3).
Note that the ratio of this eftective cross-sectional area to perimeter is b/4,
just as it would be for a circular cylinder. This geometry is only approximate
since tur'bulent mixing will cause the resuspended sediment to occupy a vol-
ume ger than tne idealized cyunarlcal source vomme The 1ncreasea voi-
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Because of the way it was derived from field data, the concentration given
by the correlation of Equation 36 is the temporal vertical average concentra-
tion in the idealized center of the clamshell dredge; by assumption, this center
corresponds to the vertical axis of the cylindrical source volume about the axis
of rise and fall of the clamshell bucket. It is recognized that as dredging
progresses this axis may slowly move, but such movement is not specifically

o

accounted for in the foliowing development.

volume. This motion

into the near field about tile dred

()]
[¢]
o
=
&
(74
g
g
3
1
@
=4
e
(=]
2
3

x

;x;ould be accounted for in the far field modeling, which might use the source
strength model to be developed in the following.

The start of a typical cycle of bucket motion can be conveniently taken as
the time of bottom impact of a falling bucket; at this moment, time ¢ = 0.
The fluid motions resulting in the ejection of sediment outward across the
cylindrical source volume surface can then be described in terms of the
sequence of events over the time of a full cycle of bucket operation from
t = 0totr = T, where T can be decomposed into the following fractions of
total cycle time:

f, = fraction of the cycle time over which the bucket is rising in the

water columin

£ — Frantinn nf tha rurnla +1ima Avar awhich tha hninlat ig falling in tha
Jd 11avtiivll vl uie b_ybLC LLLIV UYLl WIlILIL UiV UULVALL 1D ldllllls 111 Ui
wwatar rnlhmn
yvaivi vuliuliii
J;, = fraction of the cycle time for which the bucket rests on or is
ragsoed along the bottor
dragged along the bottom

f, = fraction of the cycle time for which the bucket is completely out of
the water

where

Note that as a practical matter, f; is usually neariy 0.

At time ¢ = 0, bottom sediment is loosened by the bucket impact and the
aws gather sediments into the bucket; at time ¢ = f,7, th
begins to move upward. It is assumed that loosened materials n

N
o
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As the bucket is lifted upward, sediments draining from the bucket fill the
water column below the bucket. Because of the induced turbulence, the resus-
pended sediments are uniformly mixed in the water column below the bucket.
When the bucket finally breaks free of the water surface at time ¢ =

'y N

(f, + f,)T, the entire cylindricai source volume is filied with resuspended

sediment with an average concentration C,. In this idealized view, the waters
Al ~con 4L o Lol e ot O O o A1 B u Lg . T I o
4dDOVC UIC DUCKCL ICmdll ITCC OI ICSUSPCnJca Sediments. 1ne€ madss rate r or
sediment drainage from the bucket is assumed to be constant, so that at any
time ¢ the mass m, of sediments in the water column below the bucket is given
I’\‘T

vy

m,=r@-fD _ (42)

The volume over which this mass of sediment is distributed is given by

v, (t = f,T) b?, from which it follows that the volume average concentration,
say c,, the concentration below the bucket during the rise, at any time during
the period of bucket lift is

m
Cy = = . - (43)
2
v 5% (£ = £,7)]
But since
m
¢ -£D

from Equation 42,
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c, = L (45)

Thus the concentration ¢, throughout the period of lift is a constant and

therefore
C, =c, (46)
This conceptual view of the accumulation of suspended sediments in the
source volume neglects the return of sediments from surrounding waters
because of the inward motion of fluid due to the lifting of the bucket. The
neglect of this sediment recapture is considered reasonable because of the
a"vecuon and dispersal of sediments away from the bucket during the next

"

Once the bucket begins to fall, at an assumed constant rate of v,, where

v o= BT (AN
i (*/)

all the suspended sediment beneath the bucket in the source volume at the time
t = (f, + f, + f,)T must be ejected from the source volume by the end of the

CyCiC at t = T when the bucket reaches the bottom if it is assumed the water

directly above the bucket remains essentially devoid of suspended sediment.
Bucket sediment washoff during the bucket fall is neglected; its magnitude is
considered small in comparison to the sediments accumulated in the water col-
umn during the bucket rise. Because both the fall velocity of the sediments
and the time £,T can be expected to be small, the concentration in the source
volume att = (f, + f, + f,) T is set equal to Cy, the concentration at ¢

(f, + f)T. Consequently, the total suspended sediment mass ejected over the
period of fall must be C,b%h.

However, the sediment ejected is the strength of the source. Therefore
the average source strength R over the complete cycle of the bucket motion
must be

Thus to determine the source strength R, the concentration C, must be
determined.

N
~
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tration C in terms of bucket gize and oneratio Thuge to determine the
tration C 1n terms Of bucket g17¢ ang operation. 1hus to determine the
strength R given in Equation 48 in terms of bucket size and operation, it is
necessary to express Cy; in terms of the temp __ral vertical average concentra-

tion C. This is ccomnllshed through the steps outlined in the following
paragraphs.

From t = (f, + f, + f,) Ttot = T, the bucket is falling at an assumed
constant velocity v; (Equation 47) forcing sediment-laden water outward and
away from the source volume by flow across the source volume surface with a
spatial average radial velocity v,, where by continuity

VAKIE — u T —(f + Ff + FYTN = 3 K2 (49)
LAY Vi Up Ju Jo)1s a0 \*2)
V2 \ PURIUR T I ISR U I LU I -
(INOTE thdt ule proauct Or uie I'd(,lldl Ve [y d.ﬂ(l burIdLe €a OI [ﬂe source
wrrnditman 1o 0 nAamatant lhhannitas 12 10 nm acorrmend raseadnse AY TL 24 2 fmcimssoma ad
volume iS a constant because Vy is an assumed constant.) If it is assumed that
tha raciicnmandad cadinennt nAannanénatins ansr nt neer F1ma Arzeie o ¢k haavnal-oa
ine resuspenaea seaiment cConcentration, say ¢y, at any time uuuug itne oucket
fall variag linaarly fram 7 at tima t — (£ L £ L £ XNT tn enma vahia 77 ot
141l valriuvo llllballj 11Uki1 \./U atb uiide ¢ — Vb T Ju T Jojl LU DULLIV valuo L/T al
tima t — T than it can he demanctrated ac folloawe that
Liliiv L i . CiIWIL 1L WAlL UV UWLLIVIO W utvu, a0 lUllU"D, uiaL
= 50
Cr=Cy (50)

To demonstrate the equality of Equation 50, consider the following: if it
is assumed all suspended sediment must be forced out of the source volume by
the time the bucket reaches the bottom, the total sediment mass ejected during
the duration of time f,T must be Cyb*h. Because of the assumed linear vari-
ation of concentration, the concentration at any moment is

~
)
~
v,
p—
o
~—

where

f’ = [@/T) - (f, + f, + Vf; = @/T) - (1 - flf; (51b)
Thatis, f" = Owhenc; = Cyand f' = 1 wh ; + Cr. The instantaneous
total mass flux, M,, across the source volume f ace becomes in view of

Equation 47

Chapter 4 Suspended Sediment Source Strengths



M, =c, v, b* (52)

Integrating Equation 52 over the period of bucket fall yields the total sediment
mass, which must also equal the total sediment mass at the instant the bucket
begins its downward motion; thus

l’ TMdd(t/T)=jl

Tc,v,b2dt/T) =C, b2 h (53
YR Lrfort, 44 D) v 43)

Using c,; from Equation 51 in the integration of the second integral of Equa-
tion 53 results in, after simplification,

(112XCy + Cp) f; T vy b2 = Cy b2 h (54

or, substituting v; from Equation 47,

which demonstrates the equality of Equation 50. The equality exists because
of the assumption that ¢, varies linearly during the period of bucket fall.
Thus, the concentration is constant during the period of bucket fall.

Because of the equality demonstrated by Equation 50, the concentration
conditions beneath the bucket can now be readily averaged over the vertical
height of the source volume and the duration of the cycle time to yield the
temporal vertical average concentration C, of the resuspended sediment
source. Since the bucket rises and falls at a constant rate and the resuspended
sediment is assumed to be only below the bucket, this average is computed to
be

C, = [(12) f, + f, + (1/2) £1C,, (55a)

or

- 26, (55b)

C
T2, 1D

Chapter 4 Suspended Sediment Source Strengths
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Consequently the source strength becomes, using Equation 48

(56)

- 2C,
= b (W)—

[73
f + f
Vau o

source volume with cross—cectlou , “t, as pr e‘.quusly noted, the
resuspend ed sediments, because of turbulent m ixing, are not restrlcted to the

sectional area ot the source Volume can be described as ( 1 k b where
k., the size factor for the diameter of the clamshell bucket, is an empmcal or
experimentally estimated factor. Observations by Bohlen (1978) suggest that
1 + k_, might on the order of 2 or 3. Because of this increased volume size,
the average concentration C that would be actually observed in the source
volume region would be less than C, because the mass assumed to be in the
area b* would be in fact spread over the area (1 + k.,)b?. Thus, Equation 56
is modified to

‘\./

R = 263D + k) t 57
(f +2 f +f) (57)
Vu “~Jo Jd/

The concentration of C of Equation 57 is also the concentration of
Equation 36, the observed source concentration in the immediate vicinity of
the bucket. Thus using the correlation of Equation 36,

107%) = 0.00236%(1 + k,,)(b/v,T)? | 20ma - k9 ] (58
Ri(p x 107 = 0. + % I |
/(o ) (1 + kO, | o
LV * <Jo *Jd) |

Some source strengths for representative values of clamshell dredge
parameters as computed from Equation 37 are listed in Table 6. The param-
eters selected correspond to the open clamshell dredges studied in the IOMT
program whose characteristics have been listed in Table 3.



Sediment resuspension by dredging is of concern because of the potential
release of contaminants from bottom sediments, alteration of the physical and
chemical characteristics of overlying waters, and subsequent resettling of sedi-
ments in environmentally sensitive areas. Bottom sediments introduced into
overlying waters in the immediate vicinity of an operating dredge are advected
and dispersed about the area of areagmg oy areagmg maucea rlula motrons
and ambient currents and ti

SN TUUE TN CONUNEE SAUNE S TS T SR USRS | SR [ DU SIL R
lmm a1 [Cly surroundair g d dICUge auu Ullly HICIUCIldily CONSIUCLES PO lll e
smmnin Aiatamé Fae £FH,14 Danniiopg ~nfF tha namanlavitor AF Aeadainag_indiinad raoio
nore distant far tield. Because of tne compiexity of aredging-inauced resus-
nancinn hoth fiald maagnreamaente and mathamaticral madeling are 11gced tn
pCll 11U 1, UULILL 1ICIU 11IvadUl Ciliviilb aliu liiauiviiiatival 1iivudeliing, alv udLvu w
describe the resuspension and subsequent transport processes
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been Drevrouslv made over th e period of 1982 985 under th I prove-
ment of Operation and Maintenance (IOMT) Research Program. The dredge
types studied were the cutterhead suction dredge at the Calumet Harbor,
James River, and Savannah River sites, the matchbox dredge at the Calumet
Harbor site, the dustpan dredge at the James River site, the hopper dredge
with and without overflow at the Grays Harbor site, the open-bucket clamshell
dredge at the Black Rock Harbor, Calumet River, Duwamish Waterway, Lake
City, and St. Johns River sites, and the closed-bucket clamshell dredge at the
Lake City and St. Johns River sites. These data were examined in this study
for two purposes: (a) estimation of the dredging-induced resuspended sedi-
ment concentrations at or very near the actual point of dredging as a function
or tne areage and areage operatmg cnaractemtrcs and searmem propemes and

~ - N Atan L1

estimates of the
1.

a4 - < o PN PEUN ~ A~
temporai rate of sediment mass generation by the dredge at the p 01 areag-
iemr Tha ooy leimeg narralatinmo ara hacad 1inan F1ald data limitad ha W
ing. The resulting correlations are based upon field data limited by both
miality and availahility Furthar tha mathamatiral madale nranncad far cadi.
Liuauty alu vdaliaullit L urtiici P LIV iiiAdiiiviliailival 1iiuvuviy PI\I}J\IDUU 11Ul Ovul
ment generation rates are based upon a combination of the concentration
correlations and physical reasoning and assumptions; consequently, these
models must be viewed as rudimentary and unverified

Resuspended sediment concentrations at various points in the flow field
about a dredge were obtained from field measurements by subtracting estimat-
ed background concentrations (i.e., concentrations that would exist in the

51
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absence of dredging) from measured total suspended sediment concentrations.
These net concentrations were used to estimate the resuspension levels at the
: 2k Ve &l -~ sk

n the case of the cutterhead, dustpan, and match-
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Sediment resuspension by cutterhead suction dredges at a particular site is
strongly dependent upon the swing speed of the ladder arm supporting the
cutterhead, the rotational speed of the cutterhead blades, and the intake suction
velocity at the cutterhead. Some directional sensitivity to ladder arm swing
direction apparently exists and is reflected in higher resuspension levels in
overcutting modes (when the cutterhead blades at their highest point are turn-
ing in the same direction as the ladder swing) versus those in an undercutting
operating mode (when the cutterhead blades at their highest point are turning
in the opposite direction to the ladder swing). As evidenced by resuspension

ANN P waciiamencing jo alem mflicamnad o shig doo o b o 12 a a1 s
JUU mg/ ¢, TESUSPENSion 1S aiso Iniuencea oy tne typicai seaiment particie size
Asateiliitinn AfF tha gadimante hatng Aradagad Mhaga y7ariniig maramatrans nam ha
UIDDLLIVULIUIL Ul UIC dDUULIIITIIL UClIL UICUSCU. 1 11CHC dl TUUd pdldlllclclb Ldll uC
camhinad in dimencinnlace oronne and carralated with ragnonancinn cancantra
VULIIUILLIIVAG 111 UL IID IULLIVOYD slUulJO QLU vulLliviaivul vviull lUDuDy\rllDlUll VULIVLLILL a-
tinone oheerved cloce to the dredoehead (Cutterhead hurial alen affecte tha
LIVIID VUUODWVLI VY vl wIUODW LU Llw w\f\ls\lll\r“\l. ArULLVIAMIVAM UL IAL GloU Aailvuvilo Luav

mount of resusnensio Roth nartial-cut and buried-cut dredoing increace
amount of resuspension. Both partial-cut and buried-cut dredging increase
resuspension above that for full-cut dredging (when the top of the dredge
cutterhead is at the mudline); a preliminary quantification of these impacts is
provided

The matchbox and dustpan dredges were proposed for field study in the
IOMT program because of their reported potential to reduce resuspension
levels in comparison to those produced by a cutterhead suction dredge. While
matchbox and dustpan dredges rely upon fluid suction to collect bottom sedi-
ments as do the cutterhead suction dredges, neither the matchbox nor dustpan
dredge employs rotating cutterhead blades to loosen and dislodge bottom
sediments. However, difficulties in collecting data and inexperience in the
actual operation of these two dredge types prevented a comprehensive quanti-
tative evaluation of resuspension by these dredges at the study sites. The

dredge types in reducing resuspension in comparison to the resuspension
mpmndirnad oo o arrdbarlhand qrintias Aeadon
produccd vy 4 tuuneliicdu »>uciion urcuyc.
hp Nnna nnnar r‘rﬂr‘np Chl{“;p(‘ ;n the In ‘ nragram f'\l"(\‘l;{q‘l{" |f\G;ﬂ]’\f ntan
i 1w Ullv 11\.}1}}1\41 \Jl\/\als\r DLUMIIVAEL 111 LIEW ANJLYL & l}l Us.l alii l,uuvxu\,u lllolslll 111w
the increases in resuspended sediment concentrations as a consequence of
intentional overflow of the dredge hoppers. The estimated concentration level

in the immediate vicinity ad on the dragarm beneath the dredge
was approximately 146 mg/f which, when averaged over the vertical depth of

overlying waters, yielded a value of about 13 mg/f. When overflow from the
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dredge hoppers was allowed, the depth-averaged concentration increased about
thirtyfold to 355 mg/?.

Clamshell dredges use both closed- (i.e., watertight) and traditional open-
bucket designs. The closed-bucket aes1gns, two of which were studied at
IOMT sites, seek to limit the overflow and leakage from the bucket as it is
drawn upward in the water column and thereby lessen the introduction of sedi-
ment into the water column in comparison to the open-bucket clamshell, from
which overflow and leakage are significant. However, difficulties in the oper-
ation and data collection for the closed-bucket dredges in the IOMT studies
prevented a comprehensive evaluation of the closed-bucket designs. Estimated
depth-averaged concentrations along the axis of bucket entry and withdrawal
were in the 50- to 500-mg/¢ range for both open and closed buckets. In the
examination of open-bucket resuspension, certain parameters were concluded
as being important in the characterization of the resuspension. Values for
these parameters were not available for the closed buckets. Therefore, evalua-
tion of impacts of clamshell dredge operation on resuspension focused upon
the traditional open-bucket design.

Physical reasoning about the nature of the operation of an open-bucket
clamshell dredge suggests that, among other factors, the bucket cycle time,
bucket size, and sediment fall velocity are particularly important to the resus-
pension of sediment in the zone surrounding the axis of bucket rise and fall.
A dimensionless grouping of these parameters could effectively correlate
depth-averaged concentration data from the sites for which the values of these
parameters were available. The correlation, furthermore, demonstrates a
physically realistic dependence upon settling velocity, bucket size, and cycle
time.

1n

CD..

wis5t Fye s

terms of the temporal rate f ediment mass resuspended at the idealized point
of the dredging. This sediment source is characterized in terms of a source
volume of a partlcular geometry and source strength. Using a mbmatlon of
physical reasoning, various reasonable but approximating assumptions, and the
concentration correlations developed for the cutterhead and open clamshell
dredges, resuspended sediment source models were formulated for both the
cutterhead dredge and the open-bucket clamshell dredge. For the cutterhead
dredge, the source geometry is an semi-ellipsoidal volume surrounding the
cutterhead. For full-cut dredging, sediment is carried through the surface of
this volume pnmarﬂy by the net washoff of sediment from cutterhead blades
produced by the combined motion of cutterhead blade rotation and cutterhead
ladder swmg For the clamshell dredge, the source is a cylinder about the
axis of bucket rise and fall. Sediment draining from a rising bucket accumu-
lates in the cylinder and is then forced outward from the cylinder due to the
downward motion of the falling bucket as it begins another cycle. The source
strength is obtained by averaging the effects of this pumping-like motion over

a typical cycle of the bucket operation.

The amount of dredging-induced resuspended sediment can be describe
t m

53
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shell dredges, these concentrations have also been quantltatlvely correlated
with parameters characteristic of the dredge, its operation, and the site of its
operation. The models proposed for estimating resuspended sediment genera-
tion at the dredge provide insight into the impact of dredge and dredge opera-
tion on sediment resuspension. They also provide a starting point for a more
thorough analytical evaluation of the entire resuspension, transport, and depo-
sition process.

Well-defined and controiled field studies are needed to refine and improve
the correlanons 1aent1nea ana mathematical m 1s proposea in this study and
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Table 4

Fuli-Cut Parameter Variation

Site and Type of Cut | Average v Standard Deviation of v F (L/d) x 10
Calumet Harbor
Full cut -1.050 0.160 0.0892 2.7928
Savannah River
Partial cut -0.556 0.545 0.278 9.4223
Buried cut 1.229 0.5698 16.94
Estimated
Full cut -0.824' - 0.15
James River
Full cut 1.914 0.439 82.1 12.368

' Computed from F.

Table 5

Full-Cut Dredging Function Correlation Statistics

Standard Error in Estimate

Data Set of log C Number of Observations | 72
Savannah River
Partial cut 0.5321 25 0.2826
Buried cut 0.5914 27 0.3208
Partial & buried cut 0.5679 52 0.5661
James River 0.3976 21 0.003
Calumet Harbor 0.1491 12 0.7240
Savannah River partial
& buried cut +
Calumet Harbor 0.5153 64 0.5714
Savannah River partial
& buried cut + Calumet
Harbor + James River 0.5619 85 0.5563

Note: C = Resuspended sediment concentration; 7 = correlation coefficient.




Table 6

Representative Resuspended Sediment Source Strengths for Open-

Bucket Clamshell Dredges

Parameter Black Rock Harbor Site Calumet River St. Johns River
b, ft 8.14 8.14 5.74
f, 0.4 0.4 0.4
f,! 0.1 0.1 0.1

fu

h, ft 20 27 18

T, sec 40 60 43

V, x 10° (ft/sec) 3.507 4.314 5.143
1 + kg 2 2 2

C, mg/t 449 72 285

R, grams/sec 1,684 243 445

1 Assumed values.

Table 7

Representative Resuspended Sediment Source Strengths For
Cutterhead Suction Dredges

Site
Parameter Calumet Harbor James River Savannah River
L/d 27,928 123,680 94,223
V/V; 2 0.8 1.6
v/ Vv, 8 9 9
D 1 1 3.2
F 0.0892 82.1 16.94
u -1.050 1.947 1.229
v 2.848 2.848 2.848
w 1.022 1.022 1.022
V., ftisec 5 4 4
D, 3 5 6
L, 2.5 5.08 5
1 + kg, 1.75 1.75 1.75
1 + k, 1.25 1.25 1.25
C, mg/¢ 5.4 411 594
R, grams/sec 13 2,858 4,413
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